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Abstract: Two grades of chromium-free alloys were studied in order to apply them as interconnectors
for solid oxide fuel cells. The surface modification methods were proposed for each alloy with the
purpose of forming of oxide scales considering the required physicochemical properties. Investigations
of the structure and properties of the obtained oxide scales were performed and the efficiency of
the chosen surface modification methods was approved. The samples with the surface modification
exhibited higher conductivity values in comparison with the nonmodified samples. A compatibility
study of samples with surface modification and glass sealant of chosen composition was accomplished.
The modified samples demonstrated good adhesion during testing and electrical resistance less than
40 mOhm/cm2 at 850 ◦C in air, which allowed us to recommend these alloys with respective modified
oxide scales as interconnectors for SOFC.
Keywords: steel-interconnector; oxide scale; electrical resistance; solid oxide fuel cells (SOFC),
electrocrystallization; glass sealant
1. Introduction
Various types of fuel cells that differ in electrode and electrolyte materials and possess different
operating temperatures are known. Among them are solid polymer, alkaline, phosphoric acid, molten
carbonate, and solid oxide fuel cells (SOFC) [1].
Solid oxide fuel cells are considered the most promising type of fuel cells due to their ability for
operating various types of fuel, as well as their modular design and relatively low cost of materials
used for the manufacture.
Efforts of current research have proved that one of the main problems encountered during the
operation of the SOFC is the poor stability of used interconnectors.
Ceramic interconnectors, such as lanthanum and yttrium chromite, as well as their various
modifications, have such disadvantages, such as the coefficient of thermal expansion (CTE) not
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corresponding to other components of the SOFC, insufficiently high conductivity, and interaction with
other SOFC materials [2,3].
Metallic interconnectors (Crofer HT, Crofer 22APU, AISI 441, SUS 441, 08H17T, 15H25T, etc.)
are, as a rule, heat-resistant steels and alloys containing a great amount of chromium [4–7]. The
high corrosion resistance of high-chromium steels is primarily associated with the formation of the
Cr2O3 thin continuous oxide film on their surface [8,9]. However, an oxide film with low electrical
conductivity continuously grows during the process of SOFC operation, which leads to an increase
in resistivity [10–12]. Various defects and voids in steel can contribute the resistivity growth, as well
as the impurities release that worsens the adhesion between the steel and the oxide scale. Hence,
the actual contact area between them decreases. In steels containing silicon, an increase in resistivity
is possible due to the formation of a non-conductive layer of silica SiO2 [13]. At high operating
temperatures of SOFC, chromium, which is a part of steel, reacts with water or oxygen molecules,
forming volatile oxides and hydroxides. These compounds actively interact with the SOFC functional
materials, resulting in the formation of low-conductivity inactive compounds and, as an outcome, a
decrease in the power of SOFC [13,14].
The use of chromium-free alloys as interconnectors seems to be the simplest and most effective
way to eliminate the problems described above [15,16]. However, the lack of chromium in the alloy
does not guarantee success in the application because there are a number of requirements that the
material of the interconnector meets: High electronic conductivity of the coating, compliance of the
CTE with other components of the cell, high corrosion resistance and stability in various atmospheres,
high thermal conductivity, high heat resistance, gas tightness, high mechanical strength, low cost, and
ease of manufacture [17].
Russian domestic 33NK and 47ND [18] alloys seem to be promising materials for the manufacture
of the SOFC interconnectors due to their physicochemical properties, such as heat resistance, high
electrical conductivity, and close CTE values to the CTE values of some solid oxide electrolytes and
glass sealants.
The purpose of the present work was to study the oxide scales formed on the 33NK and 47ND
alloys as a result of high-temperature processing, as well as to modify these oxide scales by applying
nickel and manganese layers before annealing in the case of the 33NK alloy and cobalt and manganese
in the case of the 47ND alloy in order to increase electrical conductivity, adhesion with glass sealants,
and stability during long test conditions.
2. Experimental Procedure
The study of the oxide scales with and without surface modification of the 33NK and 47ND alloys
samples was carried out by the following methods: X-ray phase analysis, scanning electron microscopy,
and energy-dispersive X-ray spectroscopy (EDX) microanalysis. The samples were prepared in the
form of flat plates with an external bottom diameter of 12 mm, a side thickness of 1 mm, and a total
height of 1.9 mm (Figure 1a). The electrical resistance of modified and nonmodified samples was
studied using the samples in the form of disks with a diameter of 12 mm and a thickness of 1.9 mm
(Figure 1b). All samples were prepared on a DMG EcoTurn 450 machine (DMG MORI, Bielefeld,
Germany) in order to reproduce a surface roughness not higher than 1.6 µm. Then, the samples were
sequentially purified in acetone and isopropyl alcohol using ultrasonic for 20 min.
The samples’ surface modification was performed with the original method. Previously, we
presented a method for forming a protective coating on the 08H17T stainless steel, which is analog
of the well-known steel Crofer 22APU [19]. We were also granted a patent for a method of applying
an electroconductive oxide protective coating of the interconnector to various chromium-containing
steels [20]. However, this technique was not appropriate for the alloys described in this work. Therefore,
another method was developed, which included the sequential deposition of nickel and manganese
layers at the 33NK alloy and cobalt and manganese layers at the 47ND alloy from solutions by means of
electrocrystallization. The following solutions were prepared for the deposition: (1) An aqueous-acid
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solution of NiCl2·6H2O (puriss.); (2) an aqueous-acid solution of Na3[Co(NO2)6]·0.5H2O (p.a.); (3)
a solution of MnCl2·4H2O (p.a.) in dimethyl sulfoxide (puriss.). The use of an organic solvent for
applying the manganese to the samples’ surface was related to the high value of reduction potential
from aqueous solutions (−1.18 V). The choice of dimethyl sulfoxide (DMSO) as a solvent was based
on the fact that it has a wide range of operating temperatures, sufficiently high dielectric constant
(ε = 48.9), and resistance to decomposition during metal reduction.Energies 2019, 12, 4795 3 of 17 
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modification of the samples’ surf ce (Figure 2a,c) occurred as follows: A nickel layer was
applied to the purified 33NK sample with elec rodeposition at a current density of 0.05 A/cm2 f r
300 s or a c balt layer was applied to the 47ND sample t a curren density of 0.01 A/cm2 for 300 s.
Then, a mangan se lay r was applied to the 33NK sample at a current density of 0.07 A/cm2 for 60 s
and to the 47ND sample for 120 s at 20–25 ◦C. Platinum plates wer used as inert anodes. After each
application step, the sample was washed in isopropyl alcohol.
All samples were subjected to the two-stage an ealing. Th first stage included annealing in a
high-vacuum (10−4 mbar) installation with a furnace at 850 ◦C for 2 h in rder to move th remaining
organ cs on the surface (Figure 2b,d). The second stage involved annealing at 1000 ◦C for 10 min in
an air atmosphere in order to form the oxide scale on the surf ce. The heating rate n both ca es was
100 ◦C/h. For onmodified sam es, the high-vacuum annealing wa car ied out in ord r to avoid the
possible influence of different preparation techniques on the samples’ properties in comparison with
the modified ones.
The inear t ermal expansion study was performed by me s of the high-temperature dilato ry
in a quartz cell using a Tesatronic TT 80 length meter with a high-precision axial probe GT 21 HP
(TESA, Renens, Switzerland). The sample was a ba with a size of 15 × 3 × 3 mm3. It was nnealed
under high-vac um before the easurem nt, which was carried out i th air in the heating–c oling
mode from 100 ◦C to 900 ◦C at a rat of 2 ◦C/min.
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Figure 2. The 33NK (a) and 47ND (c) alloys samples before the modification procedure, and the 33NK 
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The microstructure, uniformity of the distribution the oxide scale, and elemental composition of
the obtained oxide scales were analyzed using scanning electron microscope MIRA 3 LMU (TESCAN,
Brno, Cz ch Republic) with an Inca Energy 350 X-r y microanalysis attachment (Oxf rd Instruments,
Abingdon, UK).
In order to determine the thick ess of the obtained oxide scales and the contact areas of the
“interconnector—glass sealant”, the gluing of alloy samples with a glass se lant containing SiO2, CaO,
ZrO2, Al2O3, Na2O (for more details, see glass sealant # 1 in Ref rence [21]), and th ir cross-sections
were prepared. The samples, poured into a ylindrical form by the epoxy resin, were ground after
hardening with abrasive disks of various grain sizes. Then, they were polished by felt disks with the
diamond paste. Th pouring process wa performed under vacuum in order to achieve better dhesion
and av id the air bubbles formation in the structure of the cross-sections.
Grinding and polishing were conducted at the codirectional mov ment of the processed sample
and di k using a M tPrep 4/PH-4 grinding and polishing machine (Allied, Rancho Doming ez,
CA, USA).
The electrical resistance of samples was measured using a four-probe two-contact method with
RM3545 digital ohmmeter (Hioki E.E. Corporation, Nagano, Japan). Special measuring cell of
corundum with a clamp mechanism and an outlet for air purging was made for this purpos .
Platinum nets with wire were applied as current collectors.
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3. Results and Discussion
3.1. Features of the Studied Samples
The chemical composition of the studied alloys is presented in Table 1.
Table 1. Chemical composition of the 33NK and 47ND alloys.
Alloy Grade
Content, wt %
Reference
C Si Mn S P Ni Co Cu Fe
33NK <0.05 <0.30 <0.40 <0.015 <0.015 32.5–33.5 16.5–17.5 - basic [18]
47ND <0.05 <0.30 <0.40 <0.015 <0.015 46.0–48.0 - 4.5–5.5 basic [18]
The temperature dependences of the relative change in the linear size of the samples of the 33NK
and 47ND alloys and the 08H17T and Crofer 22APU steels, as well as the glass sealant and electrolyte
Zr0.8Y0.2O3−δ for comparison, are given in Figure 3.
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CTE of the 33NK and 47ND alloys and the 08 17 a d Crofer 22APU steels measured in this
study, as well as the glass sealant and el ctrolyte Zr0.8 0.2O3−δ (YSZ), are listed in Table 2.
Table 2. Coefficient of thermal expansion ( ) lues of materials from Figure 3.
Material CTE, ◦C−1
steel 08H17T 12.8 × 10−6 (20–870 ◦C)
steel Crofer 22APU 12.8 × 10−6 (20–870 ◦C)
alloy 33NK 7.7 × 10−6 (20–500 ◦C)
17.6 × 10−6 (500–870 ◦C)
alloy 47ND 10.1 × 10−6 (20–870 ◦C)
glass-sealant [21] 9.1 × 10−6 (20–870 ◦C)
YSZ electrolyte 10.4 × 10−6 (20–870 ◦C)
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From the obtained data, it follows that the 47ND alloy had a very close CTE value to the CTE
values of the glass sealant and the YSZ electrolyte, which makes it the most promising material for the
manufacture of interconnectors among the steels and alloys considered in this work. The dilatometric
curve for the 33NK alloy had a pronounced inflection point of about 500 ◦C, which may indicate the
phase transition presence, whereas the CTE value changed sharply. Such a behavior of the 33NK alloy
may negatively affect the mechanical strength of the assumed gluing with electrolyte through the
glass sealant.
3.2. Microstructure of the Oxide Scales
3.2.1. 33NK Alloy
The photos of the 33NK samples without and with surface modification are shown in Figure 4.
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Figure 4. Photo of the 33NK alloy samples without (left) and with (ri ht) modification of the surface.
It is seen from Figure 4 that the view of the oxide scales differed significantly. The oxide
scale without surface modification was extremely non-uniform in relief, which can cause additional
mechanical stress when gluing samples with such a coating wit la s se lants and/o duri long-term
tests. The oxide scale with modification was uniform in relief. Therefore, the gluing presented in
this work was performed specifically with such samples. SEM images of the 33NK samples without
modification (a) and with modification (b) are presented in Figure 5. It can be observed that the
microstructure of the oxide scales was significantly different from each other.
Energies 2019, 12, 4795 7 of 17 
 
  
(a) (b) 
Figure 5. SEM images of the oxide scales of the 33NK alloy samples without modification (a) and with 
modification (b). 
The oxide scale without modification was characterized by coarser, more sharply marked 
features of the grains shape, as well as by the presence of pronounced cracks, while for the modified 
oxide scale, the grain boundaries had a smoother transition, and the oxide scale was more continuous 
and had significantly less number of cracks. However, the modified oxide scale had a non-uniform 
structure at the microlevel. Nevertheless, the chemical compositions of the modified oxide scale 
sections that visually differ in the structure at the microlevel were close to each other. The nominal 
composition of the alloy, as well as the chemical composition of the oxide scales from Figure 5, are 
presented in Table 3. 
Table 3. Chemical composition of the 33NK alloy and oxide scales, at %. 
Element 33NK Alloy (Basic Elements) Oxide Scale in Figure 5a 
Oxide Scale in Figure 5b 
Spectrum 1 Spectrum 2 
O − ~55.5 ~53.7 ~58.1 
Mn ~0.4 ~0.4 ~0.3 ~0.3 
Fe ~50.0 ~30.3 ~33.2 ~29.2 
Co ~16.5 ~12.6 ~10.8 ~9.4 
Ni ~32.5 ~1.2 ~2.0 ~3.0 
Considering the data in Table 3, it follows that the nonmodified and modified oxide scales did 
not have considerable differences in chemical composition. It can be concluded that these sections 
did not have a significant phase difference, the difference being in grain sizes, the formation process 
of which is rather difficult to control. The main difference in the oxide scales without modification 
and with surface modification was the structure at the macro- and microlevels. 
3.2.2. 47ND Alloy 
The photos of the 47ND samples without and with surface modification are given in Figure 6. 
Figure 5. SEM images of the oxide scales of the 33NK alloy samples without modification (a) and with
modification (b).
Energies 2019, 12, 4795 7 of 16
The oxide scale without modification was characterized by coarser, more sharply marked features
of the grains shape, as well as by the presence of pronounced cracks, while for the modified oxide scale,
the grain boundaries had a smoother transition, and the oxide scale was more continuous and had
significantly less number of cracks. However, the modified oxide scale had a non-uniform structure
at the microlevel. Nevertheless, the chemical compositions of the modified oxide scale sections that
visually differ in the structure at the microlevel were close to each other. The nominal composition of
the alloy, as well as the chemical composition of the oxide scales from Figure 5, are presented in Table 3.
Table 3. Chemical composition of the 33NK alloy and oxide scales, at %.
Element
33NK Alloy (Basic
Elements)
Oxide Scale in
Figure 5a
Oxide Scale in Figure 5b
Spectrum 1 Spectrum 2
O − ~55.5 ~53.7 ~58.1
Mn ~0.4 ~0.4 ~0.3 ~0.3
Fe ~50.0 ~30.3 ~33.2 ~29.2
Co ~16.5 ~12.6 ~10.8 ~9.4
Ni ~32.5 ~1.2 ~2.0 ~3.0
Considering the data in Table 3, it follows that the nonmodified and modified oxide scales did not
have considerable differences in chemical composition. It can be concluded that these sections did not
have a significant phase difference, the difference being in grain sizes, the formation process of which
is rather difficult to control. The main difference in the oxide scales without modification and with
surface modification was the structure at the macro- and microlevels.
3.2.2. 47ND Alloy
The photos of the 47ND samples without and with surface modification are given in Figure 6.Energies 2019, 12, 4795 8 of 17 
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It is clear from Figure 6 that the view of the oxide scales was different. The oxide scale without
surface modification was sufficiently uniform in color, which may indicate the homogeneous phase
composition on the surface, while the oxide scale with modification was more dissimilar in color.
However, both samples had a uniform relief of the oxide scales. The oxide scales of the 47ND alloy
samples without modification (a) and with modification (b) are shown in Figure 7. It can be seen that
the microstructures of the oxide scales were significantly different from each other.
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relief. he modified scale was composed of two structurally different sections, one of which had
the large g ains s in the oxide scal without m dification, but with less rough relief, and the second
was composed of relatively small grains. Both oxide scales were continuous, without visible cracks.
The chemical co positi ns f the modified oxi e scale sectors, visually differing in the structure at
the microlevel, were not the same. T no inal composition of the alloy, as we l as the chemical
omposition of the xide scale from Figure 7, are p sented in Tabl 4.
Table 4. Chemical composition of the 47ND alloy and oxide scales, at %.
Element
47ND Alloy (Basic
Elements)
Oxide Scale in
Figure 7a
Oxide Scale in Figure 7b
Spectrum 1 Spectrum 2
O − ~55.9 ~56.1 ~56.5
Mn ~0.4 ~0.4 ~1.3 ~2.7
Fe ~47.0 ~35.4 ~37.5 ~28.6
Co − − ~1.3 ~5.4
Ni ~47.0 ~3.2 ~2.6 ~3.1
Cu ~5.0 ~5.1 ~1.2 ~3.7
According to the data in Table 4, it follows that sections with finer grains had a significantly lower
content of modifying metals, and the iron content remained at the level of the oxide scale without
modification. On the other hand, these sections also had a lower content of nickel, and especially
copper, compared to the oxide scale without modification. Thus, one can conclude that the phase
composition of the oxide scale without modification differed from the phase composition of two groups
of sections of the modified oxide scale, which, in turn, were also different from each other. Precisely,
this difference likely affected the structure of grains and, consequently, their appearance.
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3.3. XRD Analysis of the Oxide Scales
3.3.1. 33NK Alloy
The grazing incidence XRD patterns of the oxide scales of the 33NK alloy without modification,
with modification of the surface, and with modification after the electrical conductivity measurements
are presented in Figure 8.
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Figure 8. Grazing incidence XRD patterns of the 33 K alloy ithout surface odification (1), ith
odification (2), and ith odification after the electrical conductivity easure ent test (3). Colored
vertical lines indicate the position of the angles of the allo ed Bragg reflections: Red ones confir the
presence of the isostructural spinel-like phases, such as Fe3O4, CoFe2O4, NiFe2 4, i n2 4, etc. Blue
confir s the presence of Fe2 3.
It is seen in Figure 8 that the XRD patterns for the samples without and with modification were
the same in terms of the detected sets of interplanar spacings. However, there were differences in
the shape of the XRD patterns: The peaks in the X-ray diffraction patterns corresponding to the
presence of the spinel-like phases differed in absolute values and in relative ones values for the
non-basic peaks in relation to the main ones. Thus, these two oxide scales were likely to differ in the
qualitative and quantitative composition of the spinel-like phases in the set of the Fe, Co, Ni, and
Mn, which was indirectly confirmed by the SEM images at the microlevel and the view of the oxide
scales at the macrolevel. The various behavior of the samples with these oxide scales during the
electrical conductivity measurement, described below, can be precisely associated with these structural
differences. Moreover, a nonconductive Fe2O3 phase was presented in both oxide scales. However,
after the electrical conductivity test, the Fe2O3 phase disappeared in both cases. We believe that the
Fe2O3 phase reacted with the formation of the spinel-like phases, which favorably affected the electrical
conductivity of the samples (see below).
3.3.2. 47ND Alloy
The grazing incidence XRD patterns of the 47ND alloy without and with surface modification
before and after the conductivity measurements are presented in Figure 9.
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difference is especially visible in the XRD patterns of the samples after the conductivity measurements.
Thus, these two oxide scales were likely to differ in the qualitative and quantitative composition of the
spinel-like phases within the set of the Fe, Co, Ni, Mn, and Cu, which was indirectly confirmed by the
SEM images at the microlevel and the view of the oxide scales at the macrolevel. The various behaviors
of the samples with these oxide scales during the electrical conductivity measurements, described
below, can be precisely associated with these structural differences. Moreover, the nonconductive
Fe2O3 phase was presented in both oxide scales. Nevertheless, after the electrical conductivity test, the
amount of the Fe2O3 phase on the surface, according to the most intense peak after the main one, did
not change significantly for the sample with modification. Meanwhile, its increase was noticeable for
the sample without modification. We assume that the increase in the amount of the Fe2O3 phase for
the sample without modification could cause the low values of electrical conductivity in comparison to
the sample with modification.
3.4. Compatibility of the Oxide Scales with the Glass Sealant
The compatibility of the modified oxide scales of the 33NK and 47ND alloys samples was studied
in contact with the glass sealant.
From Figure 3, it follows that at temperatures as high as 500 ◦C, CTE of the 33NK alloy is acceptable
for the manufacture of the corresponding gluing with the YSZ electrolyte through a glass sealant.
However, a reversible phase transition on the 33NK steel is likely to be one of the reasons limiting the
resource of using the 33NK steel grade during cycling.
One can also conclude from Figure 3 that the thermal behavior of the linear dimensions of the
47ND alloy is very close to the behavior of the glass sealant and especially to the behavior of the YSZ
electrolyte in the entire temperature range studied. Thus, it can be expected that the gluing of these
materials will be sufficiently strong and resistant to the heating-cooling cycles.
The SEM images of the contacts of the modified 33NK and 47ND alloys with glass sealant are
given in Figure 10.
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3.5. Electrical Conductivi y
3.5.1. 33NK Alloy
The electrical conductivity data of the 33NK alloy samples without and with surface modification
at 850 ◦C in air are shown in Figure 13.
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modified sample became lower than the resistance of nonmodified one. After almost 177 h, the sample
without modification had the resistance of 0.12 Ohm/cm2, and the sample with modification had the
resistance of −0.04 Ohm/cm2. The total testing time for the modified sample was 351 h, and at the end
of the test, the resistance was 0.02 Ohm/cm2.
3.5.2. 47ND Alloy
The electrical conductivity data for the 47ND alloy samples without and with surface modification
at 850 ◦C in air are given in Figure 14. During the heating, the rates of the resistance decreasing
and the resistance values of both samples were very close until the exposure temperature of 850 ◦C
was reached.
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After reaching the exposure temperature (Figure 14b), the drop in the resistance of the sample
without modification slowed down in relation to the sample with modification. As a result, during the
exposure, the values of their resistances became noticeably different. After 442 h, the sample without
modification had a resistance of 0.94 Ohm/cm2, and the sample with modification had a resistance of
−0.04 Ohm/cm2. The total testing time for the sample with modification was 661 h, and at the end of
the test, the resistance reached 0.03 Ohm/cm2.
The difference in the behavior of samples of 33NK and 47ND alloys can be explained only by the
difference in the chemical compositions of alloys, chemical compositions of solutions for modification,
the compositions of the formed phases on the surface, and the fugitivity of the elements. Samples with
surface modification of both alloys were characterized by lower resistance values during exposure,
which may be due to the effect of surface modification on the relaxation processes of the chemical and
phase compositions of the surface when the exposure temperature was reached.
4. Conclusions
In this work, it was revealed that the 33NK and 47ND alloys are promising materials as
interconnectors for the SOFC. Nevertheless, the condition for their possible successful use in this
capacity is the surface modification of the samples before the formation of oxide scale. The surface
modification has a beneficial effect on the structure of the oxide scale at the macro- and microlevels: The
samples with the modified oxide scale do not show delamination, cracks, and other defects, and also
have an uniform surface. The electrical conductivity of modified samples was less than 40 mOhm/cm2
at 850 ◦C in air, which is the acceptable value for using these alloys as the interconnectors for SOFC.
The found conditions made it possible to obtain gluing with good adhesion with preferred glass sealant
for both alloys. The 47ND alloy had a constant CTE value within the range from room temperature to
the temperature of SOFC operation, which had an obvious advantage over the 33NK alloy. The latter
had a strong change in the CTE value in the region of 500 ◦C, which can lead to undesirable results
during the heating and cooling cycles, which may be necessary arise during SOFC exploitation.
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